[1] Measurements of turbulent kinetic energy dissipation rate e were performed in a region of North Pacific subtropical mode water (STMW), and the vertical eddy diffusivity K z was calculated from the observed e values. In summer, the magnitude of e in the STMW interior was 2-3 Â 10 À10 Wkg
[1] Measurements of turbulent kinetic energy dissipation rate e were performed in a region of North Pacific subtropical mode water (STMW), and the vertical eddy diffusivity K z was calculated from the observed e values. In summer, the magnitude of e in the STMW interior was 2-3 Â 10 À10 Wkg
À1
, whereas the values at both the upper and lower boundaries of STMW were 4 -6 Â 10 À10 Wkg À1 . In winter, on the other hand, e was almost uniform and had a magnitude less than 10 À10 Wkg À1 over the whole depth of STMW. The magnitude of K z was mostly from 10 À6 to 10 À5 m 2 s À1 in summer and from 10 À7 to 10 À5 m 2 s À1 in winter. These are at least one order of magnitude smaller than the inferred value from a budget analysis of potential vorticity in STMW. Citation: Mori, K., K. Uehara, T. Kameda, and
Introduction
[2] North Pacific subtropical mode water (STMW) is characterized by a nearly homogeneous water mass lying between the seasonal and main thermoclines in the northwestern subtropical gyre of the North Pacific [Masuzawa, 1969 [Masuzawa, , 1972 . Various studies have revealed that STMW is formed by convective mixing in late winter just south of the Kuroshio and the Kuroshio Extension (KE) [e.g., Hanawa, 1987; Suga and Hanawa, 1990; Bingham, 1992; Oka and Suga, 2003] . The STMW formation is accentuated in the stable state of the KE system and also occurs preferentially in the region of anticyclonic eddies [Uehara et al., 2003] . STMW is then capped by the seasonal thermocline due to the heat gain in the surface layer [e.g., Qiu and Kelly, 1993] and spreads throughout the northwestern subtropical gyre in subsequent seasons [e.g., Bingham, 1992; Suga and Hanawa, 1995] .
[3] In winter, surface convective mixing entrains nutrients into the mixed layer. Although the entrained nutrients in the mixed layer are utilized biologically even during the STMW formation, they might not be depleted since mixing typically reaches much deeper than the base of the euphotic zone, which is located at a depth of about 100m. As the surface water is stratified, the newly formed STMW remains in the disphotic zone. Such STMW below the euphotic layer can supply nutrients to the relatively impoverished surface layer after the spring chlorophyll bloom. This implies that the flux of nutrients from STMW can control the primary productivity that sustains the ecosystem of the surface water. Moreover, STMW is considered to be a heat reservoir, and may influence the surface temperature evolution and hence air-sea interactions [e.g., Hanawa and Talley, 2001; Qiu, 2002] .
[4] Thus quantitative estimation of the vertical flux of nutrients/heat across the seasonal thermocline is necessary to explain the relative importance of such fluxes to the surface water. As well as eddy heaving [e.g., Oschlies and Garçon, 1998 ] and horizontal advection [Palter et al., 2005] , vertical diffusion is one of the important processes supplying nutrients/heat from STMW to the surface layer, and specification of the vertical eddy diffusivity K z is necessary to examine the degree of its contribution to the upward flux of nutrients/heat. From a budget analysis of potential vorticity in the STMW formation region in 2004, estimated K z to be 2-5 Â 10 À4 m 2 s À1 and 1 Â 10 À5 m 2 s À1 at the upper and lower boundaries of STMW, respectively. However, as mentioned in their paper, the inferred value is considered as an upper bound estimate, because the estimation of K z is based on the premise that vertical diffusion is solely responsible for the temporal evolution of potential vorticity in the STMW formation region. It is therefore necessary to measure turbulence directly for confirmation of the importance of vertical eddy processes. In association with research on the upward flux of nutrients across the thermocline in the upper ocean, Lewis et al. [1986] presented the K z of the surface/subsurface water in the eastern Atlantic as being of the order of 10 À5 m 2 s
À1
, which was estimated from direct measurements of the turbulent kinetic energy dissipation rate e and the buoyancy frequency N. Furthermore, Lueck and Osborn [1986] also estimated K z from direct measurements of e to be approximately 1 Â 10 À5 m 2 s À1 in a Gulf Stream warmcore ring.
[5] Although direct measurements of e are rather common in the open ocean, measurements in the STMW region have seldom been performed, and therefore the magnitude of K z is still unclear. This paper presents the first measurements of e aimed at the STMW region using a microstructure profiler. The magnitudes of e and K z and their vertical distribution in STMW are described. (Figure 1 ). The observation lines and station numbers were determined so as to be the same in both seasons; however, some of the observations in summer were excluded due to a typhoon passage.
Data
[7] The micro-scale velocity shear was observed using a loosely tethered microstructure profiler, TurboMAP (Alec Electric Co., Ltd.) . TurboMAP can also measure conventional conductivity -temperature -depth (CTD) parameters, micro-scale temperature using a fastresponse thermistor (FP07), chlorophyll/turbidity, and acceleration in the instrument's motion. All data were sampled at 512 Hz with a sinking speed of about 0.5 m s À1 from the surface up to a depth of about 500 m. Although CTD was also measured by SBE 9plus (Sea-Bird Electronics Inc.) before TurboMAP was cast at each station, the CTD data obtained by TurboMAP were used in this study because the data from the two instruments showed no significant inconsistencies. The measured temperature and salinity data were averaged in consecutive segments of 2db with an overlap of 1db. The turbulent kinetic energy dissipation rate e was calculated in each segment following the procedure described by Wolk et al. [2002] . The noise level of the estimation of e is O (10 À10 ) Wkg À1 Lueck et al., 2002] . Measurements of micro-scale velocity shear may contain a large amount of noise because of the unstable sinking speed, particularly in the upper surface layer, immediately after the start of the descent. We therefore omitted e at depths where the sinking speed exceeded three times the standard deviation from its average below 30db, where the sinking speed was relatively stable.
[8] It should be noted that the type of TurboMAP used in SY0602 was different from that used in SY0604 in terms of length and weight. In addition, the most significant difference was that the TurboMAP used in SY0602 is equipped with only one shear probe, whereas that used in SY0604 had two. While we cast the TurboMAP at least twice (maximum: four) at each station in summer, only one cast was performed at each station in winter since two e profiles could be obtained for one cast.
[9] The vertical eddy diffusivity K z was estimated from e and the buoyancy frequency N, using K z = ge/N 2 , where the constant g is the mixing efficiency and is assumed to be 0.2 [Osborn, 1980] .
[10] In an attempt to identify STMW, we calculated the potential vorticity (PV) in each segment. Assuming that the effect of relative vorticity is negligible for the STMW signal south of the KE jet [Talley, 1988; , we adopted PV without considering the effect of relative vorticity, defined by PV = À(f /r)(@r/@z), where f is the Coriolis parameter, r is the density, and z is the vertical coordinate (positive upward). In this study, STMW was identified as the water mass with PV < 2.0 Â 10 À10 m À1 s À1 [Suga et al., 1989] .
Vertical Distributions of PV, e, and K z
[11] Here, we analyze observations along two lines 35N and TP238 (from Stns. 13 to 45) in order to compare the results in winter with those in summer, although data along four sections were obtained in winter (see Figure 1) .
[12] In summer (Figure 2a) .
[13] In winter (Figure 2b ), STMW can be identified south of the KE axis represented by the 26.0s q isopycnal at 300db [e.g., . The surface mixed layer is well developed, and the mixed layer depth (MLD) reaches a maximum of about 170db. Inferring from previous studies [e.g., Oka et al., 2007] , MLD should deepen further until late winter (March), and the water mass in the mixed layer should remain as a subsequent STMW after being capped by the thermocline. In the surface mixed layer, the magnitude of e is rather high ($10 À7 Wkg
À1
). In Figure 2 . Vertical distributions of (top) PV, (middle) e, and (bottom) K z along lines 35N and TP238 in (a) summer and (b) winter. The density (s q ) distribution is represented by contours (interval of 0.5s q ). Dotted lines indicate the mixed layer depth (MLD), which is defined as the shallower depth of a density increase of 0.03 kg m À3 and that of a temperature increase/decrease of 0.2°C from the value at 10db [Oka et al., 2007] . A few profiles at each station were averaged for every depth. 1 to 25.4s q ) . The magnitude of e at every 1db was counted for the frequency.
contrast to the surface layer, e is very small (of the order of 10 À10 Wkg À1 ), which is as low as the dissipation noise level. This evidence indicates that most of the energy injection through the sea surface is utilized for surface mixing and is dissipated within the mixed layer. The distribution tendency of K z is similar to that of e. That is, the magnitude of K z is very large in the surface mixed layer ($10 À2 m 2 s À1 ), while it is very small below the surface layer ($10 À6 m 2 s À1 ).
Magnitude of e and K z of STMW
[14] To detect the typical magnitude of e and K z of STMW in the observation period, histograms were plotted for specified density ranges using data from Stns. 35 to 45, as shown in Figures 3 and 4 , respectively. Density ranges were decided from the density -PV diagram (not shown). At the upper boundary of STMW in summer, the tendency of the e histogram was similar to that at the lower boundary (Figure 3a) . The mode of e at both the upper and lower boundaries was from 10 À9.4 to 10 À9.2 Wkg À1 (i.e., 4 -6 Â 10 À10 Wkg
À1
). On the other hand, the mode of e in the interior of STMW in summer is from 10 À9.7 to 10 À9.6
Wkg À1 (i.e., 2 -3 Â 10 À10 Wkg
), which is about half the magnitude of that at both boundaries. In winter (Figure 3b . In winter (Figure 4b ), the frequency of K z is widely distributed with extremely small values between 10 À7 and 10 À5 m 2 s À1 with a mode of 3 -10 Â 10 À7 m 2 s À1 in the whole water column of STMW, which is up to an order of magnitude lower than the values in summer.
Summary and Discussion
[16] Direct measurements of turbulent kinetic energy dissipation rate e were performed in the summer of 2006 and winter of 2007 in the STMW region, and the vertical eddy diffusivity K z was calculated from observed e. In summer, the e in the STMW interior was the lowest in the water column, whereas it was nearly uniform in the vertical direction in winter. In contrast, the K z of STMW was uniform in the vertical direction in both seasons.
[17] The magnitude of K z was generally lower than 10 À5 m 2 s À1 for the interior of STMW and its upper and lower boundaries. This was significantly less than the value of STMW inferred by , which was estimated from a budget analysis of potential vorticity, although the year and region of their estimation were different from our study. Furthermore, no clear difference in the magnitude of K z was found between the upper and lower boundaries of STMW, whereas they showed that the inferred value at the lower boundary is about an order of magnitude lower than that at the upper boundary. Histograms of K z along TP229 Figure 4 . Same as Figure 3 , except that the magnitude of K z at every 1db was counted for the frequency. and TP162 in winter (not shown) were similar to those in Figure 4b . Such low values and the distribution of K z can therefore hardly be considered a local or an incidental occurrence. Consequently, in order to explain the evolutionary process of STMW, it is necessary to consider other mechanisms, such as horizontal advection or eddy activity.
[18] Values of the observed e and K z in winter were about an order of magnitude lower than those in summer. Further observations are required to confirm that such differences in magnitude were not due to the difference between instruments used in summer and winter, and whether values of e and K z presented in this paper are representative of the magnitude of STMW in summer and winter. In addition, further analyses are needed regarding the physical mechanism, such as the energy source of turbulence, which would explain the cause of the summertime low-e value in the STMW interior and the differences in magnitude of e and K z between summer and winter.
